Aim To quantify the influence of a suite of landscape, abiotic, biotic, and host-level variables on 40 ranavirus disease dynamics in amphibian assemblages at two biological levels (site and host-41 level). 42 Location Wetlands within the East Bay region of California, USA. 43 Methods We used competing models, multimodel inference, and variance partitioning to 44 examine the influence of 16 landscape and environmental factors on patterns in site-level 45 ranavirus presence and host-level ranavirus infection in 76 wetlands and 1,377 amphibian hosts 46 representing five species. 47
5
Determining which factor-or groups of factors-is most influential can help to develop 85 predictions, increase our knowledge base for host pathogen-interactions, and inform management 86 and conservation (Rohr et al. 2015. 87 Recent studies have highlighted the importance of investigating the influence of factors at 88 multiple biological levels of organization because of contrasting results between levels (e.g., site- influence distributional patterns at larger levels whereas biotic factors (e.g., species interactions) 92 influence distributional patterns at smaller levels (Wiens, 1989; Levin, 1992; Rahbek, 2004; 93 McGill, 2010; Cohen et al., 2016) . Accordingly, abiotic (e.g., temperature, precipitation, 94 altitude) and biotic (e.g., host richness) factors were highly important in predicting the 95 distribution of three pathogens (the pathogenic fungus Batrachochytrium dendrobatidis (Bd), 96
West Nile virus, and the bacterium that causes Lyme disease (Borrelia burgdorferi), but biotic 97 factors were more important at smaller levels (Cohen et al., 2016) . Landscape factors, such as 98 connectivity among habitat patches, can also influence disease dynamics and the dispersal of 99 pathogens. For example, the movement of the pathogenic fungus Bd through amphibian 100 assemblages across the landscape suggests that dispersal plays a key role at regional levels 101 Ranaviruses are viral pathogens of amphibians, fishes, and reptiles that have been 106 implicated in mortality events across the globe (Duffus et al., 2015) . Over the last two decades, 107 6 reports of mortality events in amphibian populations have gradually increased in the literature 108 (Duffus et al., 2015) . Consequently, experimental studies and field surveys have been initiated to 109 explore the potential drivers of ranavirus disease dynamics. Recent reviews have highlighted 110 environmental factors that could influence ranaviral disease dynamics (Brunner et al., 2015) . For 111 example, abiotic factors such as land use (e.g., cattle grazing and urbanization), water quality, 112 and contaminants from runoff (e.g., nutrients, pesticides, heavy metals) are associated with 113 increased prevalence of ranavirus in experimental studies and in the field (Forson & Storfer, 114 2006a; Forson & Storfer, 2006b; Kerby & Storfer, 2009; Kerby et al., 2011; North et al., 2015) . 115
In the United Kingdom (U.K.), deeper ponds were associated with an increased incidence of die-116 off events (North et al., 2015) . However, few studies have broadly explored the role of wetland 117 characteristics on ranavirus occurrence or prevalence (Hoverman et al., 2012a), particularly 118 within an entire amphibian assemblage. In addition to abiotic factors, biotic factors (e.g., 119
competition, predation, reservoir species) likely play a role in ranavirus distribution and 120 dynamics. For instance, American Bullfrogs (Rana catesbeiana) and fish are implicated as 121 potential reservoirs for the pathogen (Brunner et al., 2015) . It has also been hypothesized that 122 predators can increase disease risk by inducing physiological stress that compromises immune 123 function (Reeve et al., 2013) . Thus, while there are many hypothesized abiotic and biotic drivers 124 of ranavirus emergence, there have been few attempts to assess the relative importance of these 125 factors using large-scale field patterns for this pathogen. 126
The influences of landscape processes on ranavirus dynamics have received relatively 127 little attention (Gahl & Calhoun, 2008; Hoverman et al., 2012a; North et al., 2015) . Given that 128 amphibians are often characterized by metapopulation dynamics (Gulve, 1994), the movement of 129 infected hosts between breeding sites in close proximity to each other could influence spatial 130 7 patterns in ranavirus occurrence on the landscape. Spatial models explained more variation than 131 non-spatial models for ranavirus mortality events in the U.K. (North et al., 2015; Price et al., 132 2016 ). However, no spatial relationships were observed for mortality events in Acadia National 133 Park, Maine, U.S.A (Gahl & Calhoun, 2008 ). An additional challenge is that most studies on the 134 distribution of ranaviruses come from mortality events either detected by scientists or members 135 of the public. This non-random selection of samples provides only sparse insight into the 136 baseline epidemiology of ranaviruses in amphibian populations or the landscape and 137 environmental processes underlying these patterns. 138
In the current study, our primary objective was to quantify the influence of a suite of 139 landscape, abiotic, and biotic variables on ranavirus disease dynamics in amphibian assemblages. 140
To this end, we conducted comprehensive field surveys of 93 wetlands to collect data on 141 infection presence and prevalence within each amphibian population and obtain corresponding 142 information on the biological and environmental characteristics associated with epidemiological 143 observations. By collecting data from multiple amphibian host species and at both the individual 144 and population (wetland) levels, we sought to broadly evaluate the influence of an array of 145 factors on ranavirus epidemiology and how these factors influenced pathogen dynamics between 146 two biological levels. To determine the relative influence of landscape, abiotic, and biotic factors 147 on ranavirus, we used model selection and multi-model averaging followed by variance 148 partitioning, thereby allowing us to assess the joint effects of hypothesized covariates and how 149 they varied between the site-level and individual host-level. 150
METHODS 151

Study area and species 152
We examined patterns of ranavirus presence and infection in wetland amphibian 153 8 assemblages located in the East Bay region of California ( Figure 1; Hoverman . We disinfected all gear (e.g., nets and waders) with 15% bleach between sites. In 170 the field, we identified amphibians to species, fishes to genus or species, and macroinvertebrates 171 to order, family, or genus ( Supplementary Table S1 ). At each wetland, we randomly selected up 172 to 20 individuals (larvae, metamorphs, or both) per species for ranavirus screening. We 173 necropsied individuals and sampled a portion of kidney and liver tissue for ranavirus. Equipment 174 was flame sterilized between individuals. For each individual, ranaviral DNA was extracted from 175 the combined liver and kidney tissue sample and infection was determined using standard 9 quantitative PCR protocols (Forson & Storfer, 2006b) . 177
We used an array of landscape, abiotic, and biotic predictor variables to represent 178 environmental influences on ranavirus dynamics guided by theory and previous investigations 179 (Table 1 ). Our landscape variable was distance to nearest ranavirus-infected wetland (other than 180 the wetland the individual was found in). To calculate this distance, we recorded latitude and 181 longitude of each site and measured Euclidean distance to nearest ranavirus-infected wetland 182 using the R function 'dist'. From the generated distance matrix, we deleted columns representing 183 distances of each wetland to uninfected wetlands, and sorted to isolate distance to nearest 184 ranavirus-infected wetland for each wetland and individual within each wetland. This method is 185 limited in that not all wetlands in the landscape were sampled; thus, ranavirus-positive sites 186 could occur, but not have been visited. However, our sampling scheme sought to sample all 187 neighboring wetlands within a contiguous area (e.g., a park or preserve), such that these 188 estimates are likely to capture general patterns related to colonization potential. 189
We assessed wetland permanence (permanent or temporary), percent forest or wetland 190 surrounding wetlands, wetland area, and water quality factors at each site. We asses wetland 191 permanence (permanent or temporary) based on water depth, wetland area, and with additional 192 verification from historical images in Google Earth (Johnson et al., 2013c). We measured 193 conductivity (S/m), total dissolved solids (mg/l), salinity (mg/l), and pH with a YSI meter 194 (Model 556; Yellow Spring Instrument, Yellow Springs, Ohio, USA). We quantified total 195 nitrogen (mg/l), dissolved organic carbon (mg/l), and total ammonia (mg/l) using standard 196 methods (http://snobear.colorado.edu/Kiowa/Kiowaref/procedure.html; Johnson et al., 2013c). 197
We used PCA to reduce dimensionality of the seven abiotic water-quality variables that we 198 measured. Water-quality variables, except pH, were log-transformed to reduce positive 199 skewness, and scaled and centered, before conducting the PCA. We retained only the first two 200 components from PCA for further analyses, which had eigenvalues greater than one (Guttman-201
Kaiser criterion) and proportion of variance greater than the 'broken-stick' percentage 202 ( Supplementary Table S2 
Data analysis 224
Our response variable for site-level analyses was ranavirus presence defined as one or 225 more amphibians of any species infected with ranavirus within a wetland. We excluded wetlands 226 with incomplete environmental data. Our response variable for host-level analyses was ranavirus 227 infection defined as an individual having detectable ranavirus infection. We limited our ranavirus 228 infection analyses only to wetlands where ranavirus was detected, which included infected and 229 non-infected individuals. Therefore, we removed individuals from sites where ranavirus was not 230
detected. 231
We assessed the influence of predictor variables on ranavirus presence and infection in 232 amphibian assemblages with generalized linear models fitted with a binomial distribution and 233 logit link. We conducted all analyses in program R v3.3.1 (R Development Core Team, 2015). 234
We included base-10 log-transformed total number of individuals examined for ranavirus at each 235 site as a fixed term to account for differences in the number of animals examined, which was 236 expected to influence detection likelihood. For analyses of host-level infection, we used mixed 237 effects models using the R package 'lme4' (Zuur et al., 2009; Bates et al., 2014) in which site 238 was a random intercept term, thereby allowing us to nest observations from different amphibian 239 species within the same site. We modeled host-level infection status (infected or not infected) to 240 allow us to incorporate both host-level (e.g., body size) as well as site-level covariates 241 (landscape, abiotic, and biotic). To keep models tractable, we initially used univariate analysis to 242 identify associations between specific predictors variables and site-level ranavirus presence and 243 host-level ranavirus infection. For univariate variable selection analyses, we used mixed model 244 forms mentioned above (compared to correlations). Predictor variables with P-values < 0.10 245 12 from these univariate analyses were combined together into a global model. We centered and 246 scaled all continuous predictor variables to facilitate comparison of coefficients among predictor 247 variables and improve numerical stability. For snout-vent length of amphibian hosts, we centered 248 and scaled within each species to account for differences in snout-vent length among species. We 249 did not include interaction terms in global models because we did not hypothesize strong 250 interactions between or among predictor variables, and to keep models tractable. We tested for 251 collinearity between predictor variables included in the global models using Pearson's 252 correlation coefficients, and tested for multicollinearity among predictor variables in both global 253 models with variance inflation factors with the R package 'car'. We also calculated dispersion 254 parameters to examine overdispersion in global models for ranavirus presence and prevalence. 255
Additionally, we estimated the variance in site-level ranavirus presence and host-level ranavirus Table  307 A5). For host-level ranavirus infection analysis, eight models were within 4 AICC of the best-308 supported model (Supplementary material Appendix 1, Table A6 ). 309
Landscape and biotic variables had the strongest associations with site-level ranavirus 310 presence in our best-supported models ( Table 2) . Distance to nearest ranavirus-infected wetland 311 and taxonomic richness were included in all best-supported models, while CPUE and nearby 312 wetland area were only included half of the best supported-models. Wetlands that were farther 313 from the nearest ranavirus-infected wetland had a lower likelihood of ranavirus presence (β = -314 15 0.26 ± 0.05 [model-averaged coefficient ± adjusted SE]; Fig. 3 ). Wetlands with greater 315 taxonomic richness had a higher likelihood of ranavirus presence (β = 0.12 ± 0.04). Variance 316 partitioning analyses demonstrated that the landscape variable, distance to nearest ranavirus-317 infected wetland, explained the most variance (adjusted R 2 from variance partitioning = 0.18) 318 and the biotic variable, taxonomic richness, explained a smaller portion of variance (R 2 = 0.09) 319 in site-level ranavirus presence (Table 3) . 320
The best-supported models for host-level ranavirus infection prevalence included 321 landscape, abiotic, biotic, and host-level predictor variables (Table 4 ). Distance to nearest 322 ranavirus-infected wetland, snout-vent length, species identity, and vertebrate richness had the 323 strongest associations with ranavirus infection. Hosts in wetlands that were further from the 324 nearest ranavirus-infected wetland had the lowest likelihood of ranavirus infection (distance β = -325
1.40 ± 0.38; Fig. 4 ). Hosts in wetlands with greater vertebrate richness, while controlling for host 326 density, were less likely to be infected (β = -0.61 ± 0.31). Additionally, species differed in their 327 likelihood of ranavirus infection. Rana catesbeiana, which was the reference level in the species 328 identity variable, had the lowest likelihood of ranavirus infection (β = -4.09 ± 0.90; Fig. 5 ). 329
Taricha torosa (β = 2.66 ± 0.84), P. regilla (β = 3.02 ± 0.84), A. boreas (β = 3.72 ± 0.85), and T. 330 granulosa (β = 4.03 ± 0.92) had higher likelihood of ranavirus infection relative to R. 331 catesbeiana. Finally, hosts with greater snout-vent length were less likely to be infected (β = -332 0.40 ± 0.11). Variance partitioning demonstrated that the biotic variable, taxonomic richness 333 explained the most variation in ranavirus infection at the host-level (adjusted R 2 = 0.06) followed 334 by landscape (adjusted R 2 = 0.04) and host-level variables (species identity and snout-vent 335 length; adjusted R 2 = 0.03; Table 3 ). P-value, then alphabetically. "Distance" is distance to nearest ranavirus-infected wetland (km), 717 "Num. mod." is the number of models that include that predictor variable, "Importance" is 718 percent of models within the model subset that contain that variable, "SE" is standard error, and 719 "Adj. SE" is adjusted standard error. P-value, then alphabetically. "Distance" is distance to nearest ranavirus-infected, "Num. mod." is 732 the number of models that include that predictor variable, "Importance" is percent of models 733 within the model subset that contain that variable, "SE" is standard error, and "Adj. SE" is 734 adjusted standard error. For species identity (Spp. identity), "ANBO" is A. boreas, "HYRE" is H. 735 regilla, "RACA" is R. catesbeiana (the reference level), "TAGR" is T. granulosa, and "TATO" 736 is 
